Abstract:
Introduction
With the acceleration of urbanization in China and the rapid increase of vehicles, the problem of urban road traffic congestion has become a major problem that needs to be solved in urban development (Xiao et al., 2017) . It is a common measure to develop urban public transportation and advocate green trip for all major cities. The taxi plays a significant role in transportation systems in the urban areas across the world, providing flexible and demand-responsive transport service with widely spatiotemporal coverage. However, the development of taxi market is seriously restricted by the asymmetry of information between supply and demand, the difficulty of passengers to take a taxi, the high rate of taxi empty load and the large cost of rental operation. In view of this, some scholars put forward the idea of taxi carpooling in order to solve the above problems, and quickly attracted the attention of a large number of scholars. Empirical data show that taxi carpooling has policy effectiveness in alleviating urban traffic congestion and resolving taxi operation difficulties. The widespread adoptions of location-based services (LBS) provide unprecedented opportunities to study various mobility patterns from trillions of trails and footprints (Liang et al., 2012 and Quddus et al., 2015) . A careful analysis of these digital footprints from taxi GPS localizers can provide an innovative strategy to facilitating urban public transit planning and operational decision-making, and thus have attracted considerable attentions from researchers. introduced a new method to explore intra-urban human mobility and land use variations based on taxi trajectory data from Shanghai city. Castro et al. (2013) proposed an overview of mechanisms for using taxi GPS data to analyze people's movements and activities, which includes three main categories: social dynamics, traffic dynamics and operational dynamics. Yoon et al. (2007) proposed a simple yet effective method using the spatial and temporal speed information in order to estimate traffic status on surface streets with GPS location data. Zhang et al. (2013) proposed a weighted approach to estimate traffic state using GPS data by increasing the weights of recent velocity information. Li et al. (2014) presented a hybrid learning framework to appropriately combine estimation results of freeway traffic density state from multiple macroscopic traffic flow models. investigate subregion information and the interaction patterns of center-local places, and reveal trip patterns and city structures, which could potentially aid in developing and applying urban transportation policies. However, despite the variety of researches and applications, taxi GPS data has so far not been explored for urban taxi carpooling analysis (He, 2014 and Huang, 2015 and Kim, 2015 . Therefore, this paper makes use of the taxi GPS data to calculate the daily average number of times of taxi passengers, the taxi no-load distance, the taxi passenger carrying distance and the duration of the taxi passengers carrying, and analyzes the characteristics of the urban taxi passenger trip. By using the spatial statistical method, the models of taxi passenger point equilibrium and passenger trip point density are established, and the spatial location and time distribution of the upper and lower passenger points are discussed, and the reasons that affect the taxi ride in urban area are analyzed from the perspective of taxi and passengers. Our on-going work is focused on the analysis of taxi-GPS traces acquired in the city of Nanjing, China; to better understand urban taxi mobility. The contribution of this work lies on the following aspects: we analyze the spatial distribution characteristics of taxis, examine the statistical distributions of trip distances and trip time, research hot spot area of taxi trip, and explore the influencing factors of Urban Taxi carpooling from spatial area perspective.
Analysis of taxi passenger-carrying point 2.1. Taxi passenger characteristics
The characteristics of taxi passenger carrying reflect the operation characteristics of taxi (Chen,2015 and Toth,2015 and Stephane,2014 , including the average number of times of passengers carrying per taxi, the average duration of passengers carrying per taxi, the average no-load distance per taxi and the average distance of passengers carrying per taxi. From the analysis of these characteristics, we can understand the passenger-carrying state, the duration and the daily trip time of the taxi, which provides the basis for the analysis of the influencing factors of the urban taxi carpooling.
1) The average number of times of passengers carrying per taxi The average number of times of passengers carrying per taxi refers to the number of times the taxi carries passengers in unit time period, which reflects the degree of taxi utilization. Definition such as formula (1). 2) The average duration of passengers carrying per taxi The average duration of passengers carrying per taxi is the ratio of the total taxi passenger carrying duration to the total number of times of taxi passengers carrying in unit time, which reflects the length of each taxi service. Definition such as Formula (2). 
In formula (2)， time P is the average duration of passengers carrying per taxi； stimei p is the passengers carrying duration of the ith taxi in the unit time.
3) The average no-load distance per taxi The average no-load distance per taxi is the ratio of the total mileage of no-load taxi to the numbers of no-load taxis within unit time. Definition such as Formula (3). 
In formula (3)， empty K is average no-load distance per taxi.
4) The average distance of passengers carrying per taxi The average distance of passengers carrying per taxi is the ratio of the total mileage of taxi passengers carrying to the number of taxi at specified intervals, Definition such as Formula (4) Milev et al. 2012 ). The entropy of the passenger-carrying points can be expressed according to the administrative division of the city, whose number of built districts is n, the variation ti is the number of passenger-carrying points randomly falling into the ith district and the probability is P(ti),i=1,2,…,n:
If all passenger-carrying points are found in the same district, their entropy value is 1, the entropy value of other districts is 0 and information entropy is the minimum. If all passenger-carrying points are evenly distributed into all of the districts, that is, the probability of all the areas is equal P(t1)= P(t2)=…P(tn)=1/n+1, the information entropy is the maximum (Hmax). The information entropy is normalised. H denotes the information entropy and Hmax denotes the maximum information entropy expressed as follows:
Xiao, Q., He, R., Ma, C., Archives of Transport, 47 (3) , [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] 2018 G is the equilibrium degree of the passenger-carrying points. Low information entropy indicates a small G and an uneven distribution of passengercarrying points. Conversely, high information entropy indicates a large G and an even distribution of passenger points. H<Hmax; thus, 0≤G≤1. If G<0.55, the distribution is very even; if 0.55<G<0.6, the distribution is uneven; if G>0.6, the distribution is even.
Density model of the passenger-carrying
points The cluster centre of the passenger-carrying points' data set is determined by using the mountain clustering algorithm. The data field is divided into small grids, and the data density of each grid is estimated. The grid with a high data density denotes the peak.
The point with the largest data density is the mountain top, namely, the cluster centre (Pu et al., 2007; Alexandrov et al., 2007) . The detailed data are shown as follows: (1) Construct the grid space network according to the density distribution of the grids, the intersection set of the grid is V= {v1,v2,…vn}. (2) Construct the Gaussian mountain peak function of the density index, vj∈V, the height of the mountain peak function is as follows:
Where n is the number of the data sample, vj is the jth intersection to be calculated; xi is the ith intersection, the influential factor δ is the clustering coefficient. (3) Select the maximum point of the mountain peak function value from the set V as a cluster centre, that is,
(4) Set the new mountain peak function by subtracting the Gaussian function at point m(C1) from the m(vj) in the cluster centre; then, select the point from the set v with new mountain peak function as the second cluster centre.
(5) Set the number of the cluster centre according to the sample space; repeat Step (4) until all the cluster centres are found. Assume the position of the carpooler is P (px, py); then, work out the difference with each cluster centre; the P (px, py) is the GPS coordinates of the carpooler; the V(vx, vy) is the coordinates of the cluster centre. If the position of the carpooler is located in the area with high density, a closer location to the mountaintop or a closer position to the core area corresponds to a high success rate and convenient carpooling.
Analyses and results
This paper utilises the taxis' GPS data in Nanjing on 16 September 2014, a total of 7726 taxis and 18668073 records; 453019 records of 7726 taxis exist after the treatment and the calculation of the GPS trajectory data as follows: Fig. 1 . The taxi passenger-carrying points distribution ratio in Nanjing City area passenger carrying points
According to the GPS trajectory data of 6503 taxis in Nanjing on 16 September 2014, the proportional distribution map of the passenger-carrying points is worked out in each administrative area according to the GPS data of each administrative district in Nanjing; from Fig.1 , we can see that the QinHuai district, XuanWu district and GuLou district are the aggregation of the passenger-carrying points, which shows that the taxis in Nanjing mainly operate at the city centre. From figure.2, we can see that the number of the taxis mainly distributes from 7:00 am to 11:00 pm, the number of the taxi is less from 0:00 am to 6:00 am. The peak values of the number of times carrying the passenger per hour are mainly distributed in these following periods: 0:00-1:00, 10:00-12:00, 17:00-19:00 and 20:00-22:00, which satisfy the standards of urban city life. It can be seen from Fig.3 that the no-load rate of a single day taxi in Nanjing is the highest in the period of 3: 00-6: 00, close to 70%, while in other periods, the rate of no load basically fluctuates around 40%.Through the analysis of taxi no-load rate, we can understand the operation condition of urban taxi, the trip time distribution of the passenger and the hot spot area of the city, and help the urban taxi carpooling researchers to understand the urban taxi passenger situation more accurately. Fig. 3 . The no-load rate of taxi in Nanjing City on September 16, 2014
Taxi passenger characteristics in Nanjing
1) The average number of times of passengers carrying per taxi As can be seen from Fig.4 , the average number of passengers carrying by a taxi in Nanjing at 7: 00-17: 00 is 2-2.5 per hour, while at 3: 00-6: 00, the average number of passengers is less than 1 per hour. Through the analysis of the number of taxi passengers carrying, it can be understood that passenger trip is mainly concentrated in the normal work time, which provides the basis for the carpooling implementation of the time period. 2) The average duration of passengers carrying per taxi As can be seen from Fig.5 , the passenger hours of taxis at each time period of a single day are curve distribution, at 7:00-9:00 and 18:00-20:00, the time of carrying passengers is longer, and the other periods are relatively short. Through the analysis of the average passenger time, we can find out the peak time of passenger trip and passenger trip duration, which provides a reference for the arrangement of carpooling service. 3) The average no-load distance per taxi As can be seen from Fig.6 , the total mileage between taxis passengers carrying at all times of the day is curvilinear, ranging from 3: 00-6: 00.The average no-load distance per taxi is between 15km and 30km.The average no-load distance in other periods is relatively short. By analyzing the average no-load distance of each taxi, we can find out the driving distance of the taxi in each period, and provide a reference for the carpooling service. 4) The average distance of passengers carrying per taxi As can be seen from Fig.7 , the taxi passenger distance is a curve distributed at each time of the day. The average passenger distance per taxi is between 4km and 8km. It shows that taxis mainly carry passengers in short and medium distance. The analysis of the average distance of each taxi can provide a reference for the study of carpooling distance. Fig. 7 . The average distance of passengers carrying per taxi 5) Analysis of trip distance and duration of taxi passengers This paper tracks the data of taxi passengers, finds out the location and time of passengers getting on and off, and makes statistics on the trip distance and trip duration of passengers in each time period. Using the double logarithmic coordinate system, the frequency of trip distance and trip duration is plotted, and the relationship between trip distance and trip duration of urban taxi passengers is analyzed.
As can be seen from Fig.8 and Table 1 , on September 16, 2014, the frequency maximum value of single trip distance of taxi passengers in Nanjing is mainly in the distance between 3~10km and 10~20km, and the frequency of single trip distance distribution accounts for nearly 70% of all single trip distance distribution frequency. The frequency minimum value of single trip distance is mainly distributed in the distance above 30km.According to the statistics of the frequency of trip distance of taxi passengers on this day, it can be found that urban taxi passenger mainly trip at short and medium distances, and take taxis for a long distance less, which provides a basis for the study of carpooling distance. AS can been see from Fig. 9 and Table 2 , on September 16, 2014,the single trip duration of taxi passengers in Nanjing is mainly in two periods: 10-20min and 20-30min, and the frequency of single trip duration distribution accounts for about 70% of the total duration distribution frequency. According to the statistics of the trip duration of taxi passengers on this day, it is found that the passengers trip in 30min are the main service objects of taxi, which provides the basis for the study of trip duration of carpooling passengers. 3.2. The equilibrium degree of the taxi passenger points in Nanjing Nanjing is located in the east of China, as the capital of Jiangsu Province; Nanjing consists of 11 districts, has an area of 6636.31 km 2 and approximately 800 million people. To analyse the equilibrium degree of the passenger-carrying points in Nanjing, the number of the passenger-carrying points of each district is calculated according to the latitude and longitude range; the average number of the passenger-carrying points of each district is calculated; meanwhile, the equilibrium degree of the passenger-carrying points is calculated according to the equilibrium degree expression, which is shown in Table 3 .
In Table 3 , the acreage of the LiuHe district is the largest, and the acreage of the QinHuai district is the smallest. The number of the passenger-carrying points and the average number of the passenger-carrying points in GuLou district, QinHuai district and XuanWu district are higher than the other districts.
From Table 3 , we know that the distribution of the passenger-carrying points in Nanjing is uneven, and the passenger-carrying points are mainly concentrated in GuLou district, QinHuai district and XuanWu district, of which the passenger density is higher than other districts. Thus, GuLou district, QinHuai district and XuanWu district are the central districts; meanwhile, the finance, culture and advertisement centre of Nanjing are the important population areas.
Density of the passenger-carrying points in Nanjing
To analyse the density of the passenger-carrying points in Nanjing, this paper calculates the distribution characteristics of the passenger-carrying points in each period by using the mountain clustering algorithm. Fig. 10(a) . The dense graph of the taxi passenger points between 0:00-2:59 Fig. 10(b) . The dense graph of the taxi passenger points between 3:00-5:59 Fig. 10(c) . The dense graph of the taxi passenger points between 6:00-8:59 Fig. 10(d) . The dense graph of the taxi passenger points between 9:00-11:59 In figure. 10 (a), (b), the changes in the density of the passenger-carrying points are described with different colours. The areas in bright colour show that the density of the passenger-carrying points is high; the areas in dark colour indicate that the density of the passenger-carrying points is low. From 0:00 am to 6:00 am, the passenger-carrying points are mainly distributed in GuLou district, QinHuai district and XuanWu district, which are business districts, advertisement districts, dining districts, education districts and aggregation of the stations. Compared with the period from 0:00 am to 3:00 am and the period from 3:00 to 6:00, one more dense point exists in figure. 3(a) compared with dense points in figure.10 (b) , which denotes the Nanjing railway station; suggesting that in the period from 3:00 am to 6:00 am, many passengers are present in Nanjing Railway Station. In figure. 10 (c), the densest area of the passengercarrying points from 6:00 am to 9:00 am is the Nanjing Railway Station in GuLou district, where the passenger flow volume is the largest. The passenger-carrying points in XuanWu district and in QinHuai district are low because of the function of these districts. Employees in government sectors, public institutions and markets frequently leave for work after 9:00 am; therefore, few passengers trip within this period. In figure.10 (d)-(f) , the density of the passengers in the Nanjing Railway Station increases. Thus, the railway station has a high incidence of taxi passengers all the time. The density range of the passengercarrying points in XuanWu district and QinHuai district decreases and these points moves to the JianYe district and YuHuaTai district. Hence, the trip of people from 9:00 to 15:00 pm is distributed in business areas and education areas. From 15:00 to 18:00, most passengers trip for entertainment and mainly move to the YuHuaTai district and the Confucius Temple in QinHuai district. In figure. 10 (g), (h), the density of the passengercarrying points from 18:00 to 24:00 am begins to move to dining and entertaining areas, such as XuanWu district, QinHuai district and GuLou district. From 21:00 to 24:00, the density of the passenger-carrying points in Nanjing Railway Station decreases with time, and this observation is consistent with regular passenger flow in the station. A later time corresponds to few trains. Trains mainly pass by, and the number of passengers in the railway station decreases. Thus, passengers in the passenger point sharply decrease.
Analysis on the influence of Urban Taxi carpooling
According to the statistical data of GPS analysis in Nanjing city taxi, taxi passenger carrying points equilibrium degree calculation and taxi passenger density modeling and analysis, and according to the constraints of the supply and demand of urban taxi and model of urban taxi carpooling probability , this model is shown in formula (10) . (1 ) 1 Xiao, Q., He, R., Ma, C., Archives of Transport, 47(3) , [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] 2018 The urban taxi carpool probability is represented by y P , L represents the road length, 0 t represents the number of taxis, V represents the average speed of the taxis, T represents the waiting time of taxi passengers, O represents no-load rate, c P represents the probability that passengers and taxis passenger can carpooling together, 0 t represent the taxi distribution rate. Based on the carpooling probability model of urban taxi and the statistical analysis from the perspective of urban taxi GPS data, to explore the influence of urban taxi carpooling. gets the bigger, the probability of y P will decreases. According to figure.1, the number of taxis in GuLou district, QinHuai district, XuanWu district, YuHuaTai district and JianYe district is more than that of other administrative areas. Through the analysis of formula(10), the probability of passengers to taxi carpooling in these areas is more probability, and in other administrative areas, the probability of taxi number is relatively less, and the probability of passenger to taxi carpooling in the area is relatively small.
2) Taxi passenger carrying rate From formula (10) , when the other variables remain unchanged, the O gets smaller, the taxi passenger carrying rate will increase, the
gets the smaller, the probability of y P will increase. On the contrary, the O gets bigger, the taxi passenger carrying rate will decrease, the
gets the bigger, the probability of y P will decreases. From figure.3, it can be seen that the taxi in Nanjing city has a higher no-load rate at 3: 00-6: 00, but less in other periods, so the probability of taxi carpooling at 3:00-6:00 is smaller, but the probability of taxi carpooling at other periods is higher. will decrease, the probability of y P will decrease. From table 3, it can be seen that the distribution rate of taxis in Nanjing is extremely uneven. GuLou district, QinHuai district, XuanWu district, YuHuaTai district and JianYe district have a high distribution rate. According to the analysis of formula (10), the probability of passengers to taxi carpooling in these areas is higher than the other areas.
4) Numbers of taxi passengers
From formula (10) , when the other variables remain unchanged, as the number of passengers increases, the c P gets bigger, the probability of y P will increase. On the contrary, as the number of passengers decreases, the c P gets smaller, the probability of y P will decrease. As can be seen from figure 10, the density of passengers in Nanjing urban area varies with different time periods. At 0:00-6:00, in commercial areas such as GuLou district, QinHuai district and XuanWu district, the probability of passengers carpooling is higher. at 6:00-9:00, and near the railway station in XuanWu district, the probability of passengers carpooling is higher. At 9:00-23:00, in the GuLou district, QinHuai district, XuanWu district and YuHuaTai district, the probability of passengers carpooling is obviously higher than that of other districts. 5) Trip duration and distance of taxi passengers As can be seen from figure 8-9 and table 1-2, the distance that urban passengers in Nanjing trip each time using a taxi is mainly within the range of 3-20 kilometers, and the trip duration is concentrated within the range of 10min-30min, so we can infer that, If a taxi in Nanjing wants to carry on a carpooling, the object of choice is mainly concentrated in the Medium and short distance trip, and the possibility of long-distance carpooling trip is relatively small. 6) Trip points location of taxi passenger As can be seen from table 3 and figure 10 , the distribution of taxi trip points in Nanjing is very uneven. For urban passengers, the location of the trip determines whether or not to take a taxi at the right place. If the trip point is located in the no-central urban area or the non-trunk road located in the urban, the probability of taxi carpooling is smaller, and the probability of choosing the carpooling trip mode will be reduced. On the contrary, if the passengers trip point is located on the trunk road or central in the urban, the probability of taxi passing is greater, and the probability of choosing the carpooling trip mode will increase. Therefore, the location of passenger trip point has a greater impact on the passenger carpooling.
Conclusion
From the perspective of taxi GPS data, this paper analyzes the factors influencing urban taxi carpooling. By means of statistical method, equilibrium model and density model, this paper analyzes the trip characteristics of taxis and passengers, and finds out that the number of urban taxis, the passenger carrying rate of taxis, the duration period of passenger trip, The duration and distance of passenger trip and the location of passenger trip points will have an impact on the urban taxi carpooling in Nanjing. The results in this paper can be used as reference for the implementation of taxi carpooling policy in Nanjing.
